Unusual DNA/RNA structures of the C9orf72 repeat may participate in repeat expansions or pathogenesis of amyotrophic lateral sclerosis and frontotemporal dementia. Expanded repeats are CpG methylated with unknown consequences. Typically, quadruplex structures form by G-rich but not complementary C-rich strands. Using CD, UV and electrophoresis, we characterized the structures formed by (GGGGCC)8 and (GGCCCC)8 strands with and without 5-methylcytosine (5mCpG) or 5-hydroxymethylcytosine (5hmCpG) methylation. All strands formed heterogenous mixtures of structures, with features of quadruplexes (at pH 7.5, in K + , Na + or Li + ), but no feature typical of i-motifs.
INTRODUCTION
The most common cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) is a (GGGGCC)n•(GGCCCC)n repeat expansion in the C9orf72 gene (1, 2) . In unaffected individuals, the most common repeat size is 2-19 units, while the pathogenic repeat size is 250-1600 repeats. ALS-FTD is one of more than 40 neurological, neurodegenerative, and neuromuscular diseases caused by gene-specific repeat expansions, such as myotonic dystrophy type 1 (DM1) and fragile X mental retardation syndrome (FXS). C9orf72-expansions show somatic repeat instability, aberrant CpG methylation, and lead to toxic-RNAs, toxic, RAN-peptides, and lossof-function, pathological mechanisms, many of which have been reported in DM1 and FXS (3, 4) .
Epigenetic modifications occur at the C9orf72 gene with increased cytosine DNA methylation at CpG sites both in the promoter and within the repeat of many but not all C9orf72 expansion carriers (5) (6) (7) (8) (9) (10) . The CpG island and promoter upstream, but not downstream of the GGGGCC repeat is methylated in 36% of expansion carriers. However, methylation within the C9orf72 repeat is present in all individuals with greater than 90 repeats (10) . Reports have not distinguished whether the C9orf72 methylation is the canonical 5-methylcytosine (5mCpG) or the more recently recognized 5-hydroxymethylcytosine (5hmCpG). C9orf72 methylation correlated with decreased levels of C9orf72 mRNA, RNA foci and RAN-dipeptide aggregates (6, 7, 9) . The expanded and methylated C9orf72 repeat may differentially bind specific proteins. The expanded C9orf72 repeats, but not non-pathogenic repeats, have been reported to associate with a specific set of modified histones, which coincides with reduced C9orf72 mRNA expression (5) . However, no study has assessed both C9orf72 DNA methylation state and protein interaction. Although the role of epige-netics in C9orf72-associated ALD/FTD is not yet understood, characterizing the structural and biological affects of C9orf72 repeat methylation may shed light on the mutagenic and pathogenic nature of the repeat.
Unusual DNA, RNA and R-loop (RNA-DNA) structures have been suggested to be involved in diseaseassociated repeat instability, or pathogenesis (11) (12) (13) . Typically, G-rich strands are thought to form four-stranded Gquadruplexes, and C-rich strands have been demonstrated to form intercalated i-motif structures at acidic pH (14, 15) . Formation of G-quadruplex structures has been reported in the RNA (GGGGCC)n repeat (16) (17) (18) . The G-rich DNA strand of the C9orf72 repeat can form quadruplexes (13) . Several proteins bind preferentially to quadruplex RNA and DNA (19) . Numerous proteins that bind quadruplexes have been reported to bind the C9orf72 quadruplex RNAs or RNA foci, including ASF/SF2, nucleolin, and hnRNPK (13, (17) (18) (19) (20) . There is little knowledge of protein interactions with the C9orf72 DNA, and of the structure of the C-rich strand.
Here, we examined the structures formed by the G-rich and C-rich strands of the C9orf72 repeat with various modifications, including 5mCpG, 5hmCpG and N7-deazaG. We show that both the C-rich and G-rich strands of the C9orf72 repeat can form four-stranded structures. We also demonstrate that 5mCpG, 5hmCpG and N7-deazaG modifications affect secondary structure. Furthermore, hnRNPK binds to the C-rich DNA repeat and binding is affected by methylation status.
MATERIALS AND METHODS

DNA oligonucleotide synthesis and Labeling
All the DNA oligodeoxyribonucleotides were purchased as purified from ACGT Corp., Toronto, Canada. The ODNs were dialyzed versus Milli-Q water and lyophilized. The concentrations were determined by recording their absorbance at 260 nm using molar extinction coefficients calculated using the nearest-neighbour method (21) . Oligos were then dissolved in the desired buffer to give concentrations ranging from 5 M to 40 M depending on the experiment. Oligonucleotides were end-labeled using [␥ -32 P]ATP. Equal sample amounts, based on Cerenkov counting (5000 cpm/sample), were electrophoresed on 4% or 8% polyacrylamide gels at 15 V/cm for 60 min or 9 V/cm for 120 min, respectively. We also carried out electrophoresis under denaturing conditions. In this case, the samples were heat denatured in formamide, frozen on dry ice until loading and electrophoresed on pre-heated denaturing 6% 8M urea sequencing gels, run at 150 V/cm. Some degree of heterogeneity is evident as both faster and slower migrating species that were resistant to denaturation (Supplementary Figure S1) . We, and others have reported heat-and denaturation-resistant structures formed by G-and C-rich sequences that aberrantly migrate faster or slower on denaturing gels (17, 18, (22) (23) (24) .
CD spectroscopy
CD spectra were recorded at room temperature using an Aviv model 62 DS spectropolarimeter using 5-and 20-M samples dissolved in the indicated buffers. The pH was adjusted to 7.5 with HCl. All the samples were heated to 95 o C and allowed to cool to room temperature overnight. Three CD spectra, over the wavelength range of 320-220 nm were recorded in a 1-mm cuvette and averaged.
UV spectroscopy
Melting experiments were carried out on a Cary model 300 Bio spectrophotometer. Depending on the concentration, the samples were assessed in a 1-mm or 1-cm pathlength cuvette. Oligos were dissolved in 10 mM Tris containing either 100 mM NaCl, KCl or LiCl, pH 7.5. Melting was monitored at 280 nm (for all oligos but unmodified and G-rich 5mCpG in KCl) or 290 nm. The heating rate was 1 o C/min. All experiments were done in triplicate.
Electrophoretic mobility shift assays
Reactions were carried out in a 20-l volume containing ∼80 fmol of [␥ -
32 P]ATP end-labeled DNA with the indicated amounts of hnRNPK (Abnova). Binding reactions contained a final buffer concentration of 10 mM Tris (pH 7.4), 50 mM KCl, 1 mM DTT, 2.5% glycerol, 5 mM MgCl 2 , 0.05% non-idet P40. DNA was preincubated with the buffer described above for 30 min prior to the addition of protein and poly(dI-dC). Reactions were incubated at room temperature for 20 min, loaded onto 4% native polyacrylamide gels, electrophoresed at 200 V for 1 h in 1× Tris borate| EDTA (0.089M Tris base, 0.089 M boric acid, 0.002 M EDTA), dried and autoradiographed. The extent of binding was empirically assessed, using ImageQuant software, by comparing the relative intensity of the band corresponding to the bound complex with that corresponding to the unbound material.
RESULTS
Quadruplex formation by both C9orf72 repeat strands and the effect of CpG methylation
We determined the structural effect of three different modifications, 5mCpG, 5hmCpG and N7-deazaG, on both the G-rich and C-rich strands of the C9orf72 repeat by CD spectroscopy and UV melting, in the presence of various ions (Figures 1 and 2 ). In KCl, the unmodified G-rich strand exhibits a CD spectrum with an intense positive peak at 290 nm, a negative peak around 260 nm a positive peak around 240 nm ( Figure 1B ). This spectrum is typical of antiparallel G-quadruplexes (25) . In LiCl, the intensity at 290 nm decreases and the negative peak at 260 nm turns into a positive shoulder with a small negative peak around 240 nm. In LiCl, the population is shifted into a higher percentage of parallel quadruplex structures reflected by the 260-nm shoulder ( Figure 1A ). Methylating the cytosines at CpG sites of the G-rich strand results in a more intense 260 nm peak. In KCl the spectra of the unmodified and 5mCpG G-rich strand are similar. When cytosines of CpG sites are 5-hydroxymethylated, in all salt conditions, the CD spectra exhibits a positive peak at 285 nm, a shoulder around 260 nm with a negative peak around 240 nm. Positive peaks at 285 nm suggest duplex base stacking (25) . The stability of the cyclic structure of G•G•G•G-tetrads, a critical component of G-quadruplexes, depends upon the ability of the N7 of guanine to accept a hydrogen bond (26) . We directly tested the importance of this by replacing guanine residues with N7-deazaguanine, where the N7 position of guanine has been replaced by CH, which is not a hydrogen bond acceptor. Previous use of N7-deazaG revealed a strong dependence of G4-quadruplex (26) . Here, modifying the N7 position of all guanines in the G-rich strands, in all salt conditions, results in a broad positive peak around 270 nm and negative peak around 250 nm showing complete structural transition. This spectrum has been associated with G•C•G•C-tetrad formation (27) . These results support the suggestion that the peaks at 290 and 260 nm observed for the unmodified and 5mCpG G-rich strands arise from quadruplex formation. All G-rich sequences were also studied in the presence of LiCl or NaCl (Supplementary Figures S2 and S3 ). Although LiCl is generally considered too small to stabilize G-quadruplexes, interestingly the CD spectrum of the C9orf72 oligos in the presence of LiCl is very similar to that in NaCl (Supplementary Figures S2 and S3). Quadruplex formation in the presence of LiCl has previously been reported for the FRAXA and telomeric repeats (28, 29) .
The CD spectra of the C-rich strands are shown in Figure 1C and D. Spectra for the unmodified, 5mCpG, and 5hmCpG C-rich strands were qualitatively similar in LiCl, with a positive peak at 280 nm, a negative peak at 250 nm and positive shoulder at 260 nm. Also in LiCl, an isodichroic point is seen at 260 nm. A positive 260-nm shoulder was not evident for the unmodified strand in KCl, rather a negative 260-nm peak is evident which may due to the stabilizing effect of KCl, turning the shoulder into a more prominent peak. Methylation or hydroxymethylation of CpGs do not alter the CD spectra significantly. Both 5mCpG, and 5hmCpG of the C-rich strands decreased the intensity of the 280-nm peak, but retained the overall shape of the spectra. The CD spectrum of the N7-deazaG C-rich strands lost the 260-nm shoulder in LiCl, and retained the 280-nm and 250-nm peaks. This suggests that the 260-nm peak arises from quadruplex formation even in the C-rich strands, which is probably due to the high fraction of guanines present. Tetrabutylammonium (TBA) is too large to stabilize G-quartet formation (30) . Interestingly, in the presence of TBA, while the 280-nm peak of the unmodified, 5mCpG, 5hmCpG C-rich strands was retained, the 260-nm shoulder disappeared. For N7-deazaG C-rich strands, the CD spectra were the same in TBA, KCl and NaCl. Similar to the G-rich strands, all spectra were similar in LiCl and NaCl, suggesting that the conformation does not depend strongly on the nature of the cation (Supplementary Figures S2 and S3) .
We performed UV melting on the same samples, under identical conditions as above. The unmodified and 5mCpG G-rich strands exhibit the highest thermal stability in all three ions (Figure 2A, Supplementary Figure S2) . Interestingly, the unmodified and 5mCpG, G-rich strands exhibited lower stability in KCl than in NaCl or LiCl. This is likely due to the fact that in in KCl there is a single folding unit of antiparallel quadruplexes and the melting curve reflects these species (measured at 290 nm), while in NaCl and LiCl the CD spectra suggests multiple folding forms and the melting profiles may reflect denaturation of other folding units (recorded at 280 nm). The 5hmCpG G-rich strands all have lower stability than their unmodified forms, but higher than the N7-deazaG strands. For the C-rich strands the melting temperatures are lower than for the G-rich strands (Figure 2C and D) . The unmodified and 5mCpG oligos all show concentration-dependent melting temperatures, suggesting possible multimolecular structure formation. Both the Grich and the C-rich N7-deazaG-substituted oligos are more stable in LiCl than in than NaCl or KCl.
Methylation status of the C9orf72 repeat DNA affects its electrophoretic migration
To further evaluate the structural heterogeneity and complexity of the various forms of the (GGGGCC)8 and (GGCCCC)8 oligonucleotides, we assessed their electrophoretic migration on native polyacrylamide gels followNucleic Acids Research, 2015, Vol. 43, No. 20 10059 ing pre-incubation in various salt solutions. An unusual pattern of electrophoretic species was evident for each, with slight variations in migration existing between the different salts (Figure 3 ). In general, each oligo migrates as a series of closely-spaced bands, with the C-rich repeats migrating slightly slower than their G-rich counterparts. A slower migrating, but minor species, was evident for the Grich strand in all of its forms, with the exception of the N7-deazaG variant. This second band migrated similarly for the samples incubated with LiCl and NaCl, which was faster than the samples that were in the KCl or no salt condition. This slower migrating band disappears in denaturing gel conditions (Supplementary Figure S1) . The 5hmCpG and N7-deazaG oligos migrate much slower than the unmethylated and 5mCpG forms. The greatest heterogeneity is displayed by the 5 -hydroxymethylated CpG forms of the Gand C-rich repeats, as evidenced by the broad smear of electrophoretic species. Curiously, unlike the 5mCpG, which migrated faster than the unmethylated forms, the 5hmCpG migrated the slowest. Furthermore, the 5hmCpG oligos are distinctly different from the unmethylated and 5mCpG methylated oligos in terms of their migration. The 5hmCpG oligos migrate much slower in comparison, suggesting they form different structures than the unmethylated and canonical 5mCpG modification. The N7-deazaG modified DNA, which is unable to form G-quadruplex structures, exhibits much more structural heterogeneity than its unmethylated counterparts, as evidenced by the broad smear.
The (GGCCCC)8 strand is preferentially bound by hnRNPK and affected by methylation
Toward addressing a biological effect of C9orf72 repeat modifications, we assessed the binding of hnRNPK. To date, there is no evidence on the effect of DNA methylation at the C9orf72 repeat and protein interactions. Using recombinant hnRNPK, we observed preferential binding of the protein to the C-rich repeat DNA (Figure 4) . Unmethylated C-rich DNA was bound with complexes resolved as two distinct slower migrating species. The other modifications gave rise to broad smears of species with increasing amounts of hnRNPK, with most of the DNA-protein complex unable to enter the gel, likely due to increased structural complexity. Notably, the 5hmCpG form was preferentially bound (38%) over the 5mCpG form (14%), while the unmethylated form most efficiently bound (68%). Previously, protein interactions with r(GGGGCC)n and other repeat sequences reported the retention of the nucleic acidprotein complex in the well (18, 31, 32) . Treatment with proteinase K and SDS broke down these complexes, allowing the DNA to migrate similarly to the control without protein. The unmethylated G-rich DNA was also able to bind, although very minimally, to the protein, creating a complex that migrated faster than the DNA-protein complexes of Crich DNA. We did not observe binding to the modified Grich sequences. These results imply that methylation status and type can alter the biological recognition of the C9orf72 repeats.
DISCUSSION
We demonstrate that both the C-rich and G-rich DNA strands of the C9orf72 repeat can form a heterogenous population of structures, including those with features of fourstranded structures. It is accepted that a given G-rich and C-rich sequences can form numerous structural conformations (33) . Previously, it was reported for shorter G-rich C9orf72 repeats (≤4 repeat units) that these form high levels of structural variants (34) -our findings are consistent with their the suggestion that such structural variation may be reflected in vivo and may be considerable for longer repeat tracts. That the C-rich strand can assume a quadruplex is distinct from many other studies, most of which have focused upon the G-rich strand, with little attention to the complementary C-rich strand (telomere repeats is one example). In cases where the complementary C-rich strand has been studied, it has often been reported that these form i-motifs under non-physiological pH. We propose that the four-stranded species formed by C-rich C9orf72 strands are stabilized by G•C•G•C-tetrads and C•G•C•G-tetrads, which would sandwich C•C•C•Ctetrads (a predicted structure is shown in Figure 5A ). Our findings suggest that for C-rich strands, which also contain G-residues, one must consider four-stranded quadruplex formation.
We Figure 5A ). Mixed G•C•G•C-tetrads are structurally distinct from G•G•G•G-tetrads. We propose that the distinct CD peak or a shoulder at 260 nm that we, and others observed for both C9orf72 DNA strands (13) reflects the presence of G•C•G•C-tetrads. Notably, G•C•G•Ctetrads can assume at least four different inter-base interactions (27, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . Unlike G•G•G•G-tetrads, which are stabilized by hydrogen bonding with the N7 position of the guanine residues (26), some, but not all G•C•G•Ctetrads form independent of the N7-G, with hydrogen bonding of the cytosine amino protons either with the O6 oxygen of guanine (35, 46) . Other G•C•G•C-tetrad conformations do utilize hydrogen bonding with the N7 nitrogen of guanine (35, 46) . The absence of an absolute requirement of the N7-G may explain the ability of the C-rich C9orf72 strand to form four-stranded structures at physiological pH. The limited effect of N7-deazaG on the CD spectrum of the C-rich strand, which is not predicted to involve G•G•G•G-tetrads, may be due to some of the GCGC-tetrads formed by the C-rich strand involve the N7 of G residues and hence are affected by the N7-deazaG. Moreover, unlike G•G•G•G-tetrads, which require cation coordination for stability, G•C•G•C-tetrads do not require cations for stability (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) 46) , which may explain the insensitivity of C9orf72 quadruplex formation to LiCl or TBA. It is notable that some G4-quadruplexes, including that formed by the FRAXA CGG repeat, are extremely stable even in the presence of lithium ions (28, 29) . A recent study of an oligo with a repeat of (GGGGCC)3GG(Br)GG with an 8-bromoguanine substitution, did not detect G•C•G•C-tetrads, which may be due to the preferential adoption of a syn-glycosidic conformation by 8-bromoguanines (47) . Similarly, an NMR study of (27, 35, 36, 42, 46, 50, 51) . For example, the disease-associated fragile X (CGG)n repeat can form quadruplexes involving G•C•G•C-tetrads and C•C•C•C-tetrads (35, 36, 42, 48) . Notably, the FRAXA CD spectra also revealed a 260 nm peak/shoulder (48) . It is widely accepted that quadruplex structures will involve G4 tetrads composed of four interacting guanine residues. Such an expectation has led to the prediction that any sequence conforming to the sequence consensus G≥3N1-7G≥3N1-7G≥3N1-7G≥3 will form G4 quadruplexes. However, quadruplexes may also be stabilized by G•C•G•C-tetrads; thus, C-rich sequences with interspersed G residues can also form stable, four-stranded structures (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Our finding here that the C-rich C9orf72 strand presents as a quadruplex-forming sequence does not conform to the expected consensus. Thus, while it is reasonable to expect that any sequence that conforms to the G≥3N1-7G≥3N1-7G≥3N1-7G≥3 consensus will form a quadruplex, the reverse is not necessarily true, in that all quadruplex-forming sequences may not conform to the consensus. Interestingly, G•C•G•C-tetrad-containing quadruplexes have long been proposed to act in various biological processes including the junction of replication forks (38) and homologous pairing of DNAs by the intercoiling of two Watson-Crick paired helices, which may facilitate recombination (52) .
propose that both the C-rich and G-rich C9orf72 quadruplexes involve G•C•G•C-tetrads and C•G•C•Gtetrads (
Methylation of DNA is an important epigenetic mark associated with altered gene expression, replication and genetic instability. Both methylcytosine and hydroxymethylcytosine at CpG sites of each repeat unit could alter the structures of both C9orf72 strands. The increased and decreased melting temperatures of the 5mCpG and 5hmCpG forms may serve a regulatory role when DNA strands must separate, as during DNA transcription, replication, repair, or recombination. Increased and decreased thermal stability have been reported for 5mCpG and 5hmCpG sites at non-repeated sequences (53) (54) (55) (56) (57) . The altered thermal stability of the methylated repeats may affect the propensity of the C9orf72 repeats to form unusual DNA structures. The faster and slower electrophoretic migration of the 5mCpG and 5hmCpG forms we observed (Figure 3) may reflect increased and decreased compaction of the DNA. The methylation state of non-repetitive sequences has been shown to enhance or impair the ability to form unwound DNA, bent-DNA, cruciforms, Z-DNA, quadruplexes and triplex-DNA (58) (59) (60) . We propose that 5mCpG of the C9orf72 repeats stabilizes the quadruplex, similar to its effect upon FRAXA repeats (29) , while 5hmCpG destabilizes the quadruplexes. Unusual structure formation by the C9orf72 repeats may contribute to pathogenesis and their genetic length instability, as demonstrated for R-loops (13, 17) . In fragile X patients, an absence of CpG methylation of the CGG/CCG repeats has been linked to enhanced somatic contractions of the expanded repeats in patient tissues (61) (62) (63) . It will be interesting to assess the possible link of methylation to C9orf72 repeat instability. Our findings suggest that methylation state, as well as the form of methylation, may alter C9orf72 repeat structure. Distinguishing the kind of CpG methylation at the C9orf72 promoter and repeat, in specific tissues may reveal functional roles of this epigenetic mark.
The expanded and methylated C9orf72 repeat may differentially bind specific proteins. Specific histone modifications have been reported at the expanded C9orf72 repeats, but not non-pathogenic repeats (5,6); however, the DNA methylation status in these studies was not assessed. We show CpG methylation-sensitive binding of hnRNPK to C9orf72 repeat DNAs. hnRNPK bound preferentially to the C-rich DNA strand, consistent with previous studies showing an association of hnRNPK with the C-rich RNA foci in cells with C9orf72 expansions (13, 64) . However, direct binding of hnRNPK to the C-rich C9orf72 RNA was not observed (64) . Our finding that hnRNPK bound to the C-rich DNA strand, is consistent with the reported preference of hnRNPK to bind DNA over RNA (65) . Our data shows that hnRNPK binding is affected by CpG methylation of the C9orf72 repeats. Protein complexes with the r(GGGGCC)n and r(CUG)n repeat sequences have been reported to be retained in the wells of electrophoresis gels (18, 31) . We postulate that the methylated C9orf72 DNAprotein complexes are retained in the wells because they form multimeric DNA-protein structures incapable of entering the gels as opposed to a structural alteration of the DNA. This is supported by the observation that treatment of the complexes with proteinase K permits the proteinfree DNA to co-migrate with the starting DNA. The implications of this differential binding is unknown, however, the observation that DNA methylation can alter both the biophysical traits and the interaction of proteins supports the concept that this epigenetic modification may be mediated by structural and protein selective avenues. hnRNPK functions in many genetic processes, including transcription, translation, chromatin remodeling and DNA repair (66) .
Considerable evidence supports the formation of unusual DNA, RNA or RNA-DNA structures by disease associated repeats, structures that participate in mutagenic and pathogenic processes. It is very likely that our preparations contain mixtures of different folded forms, antiparallel, parallel quadruplexes along with hairpins, as previously suggested (13) . The intramolecular structures formed by the G-rich and C-rich C9orf72 DNA strands that we report here, could reflect the displaced DNA strand in the RNA-DNA hybrids (R-loop) ( Figure 5B), previously shown to form on either of the C9orf72 strands (13, 17) . R-loops can be biophysically stabilized by quadruplex formation of the displaced G-rich DNA strand at non-repetitive sequences (67) . Notably, our observation herein, that the Crich C9orf72 DNA can also assume a quadruplex structure suggests that it may stabilize R-loops having RNAs hybridized to the G-rich strand. Thus, R-loop formation on either DNA strand of the C9orf72 repeats could be stabilized by quadruplex formation by either of the displaced DNA strands. Similarly, the intramolecular quadruplexes formed by the G-rich and C-rich C9orf72 DNA strands that we report here, could reflect the 'pearls' in a 'pearls-on-astring' type model of slipped-quadruplexes ( Figure 5B ). Alternately, a 'bubble' of separated strands, where each forms a series of quadruplexes may stabilize strand separation for some function, possibly the initiation of DNA replication, as several studies reveal that metazoan replication initiation sites coincide with quadruplex-forming sequences (68) (69) (70) (71) (72) . Since transcription could potentially occur in the 64% of C9orf72 expansion carriers that do not have adjacent promoter CpG methylation but have a methylated repeat, the kind of methylation could modulate the formation of the above structures. Although the role of epigenetics in C9orf72-associated ALD/FTD is not understood, characterizing the structural and biological affects of C9orf72 repeat methylation may shed light on the mutagenic and pathogenic nature of the repeat.
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